Oxides precursors Zr x Ti 1؊x O 2 (x ‫؍‬ 0.22, 0.39, and 0.60) were prepared by a hydrolytic sol-gel process. The amorphous mixed oxides are homogeneous as deduced from electron microscopy and XPS studies. The crystallization of these amorphous oxides was studied by TGA-DTA and thermodiffractometry. Quantitative analysis of the crystalline phases, obtained at 1000°C, was carried out by the Rietveld method. The samples are mixtures of TiO 2 , Zr 5 Ti 7 O 24 , and ZrO 2 oxides, and the stoichiometry of the stable zirconium titanate phase was found to be Zr 5 Ti 7 O 24 and not ZrTiO 4 (‫؍‬Zr 6 Ti 6 O 24 ). In this work, the power of Rietveld refinements to determine phase ratios of very related (and thus very overlapped) phases is shown.
INTRODUCTION
Zirconium titanate is a ceramic material widely used in electrical and optical devices such as capacitors, piezoelectric sensors, ultrasonic motors, and microwave dielectric ceramic resonators (1) (2) (3) (4) . It is also used as a refractory material, pigment, and catalyst.
This material is synthesized at very high temperature (above 1400°C) from the crystalline ceramic oxides ZrO and TiO . However, the temperature at which the material is formed may be considerably lowered by using a sol-gel (5-7) or synthetic precursor approach (8) . The size and shape of the microparticles of zirconium titanate can be controlled in sol-gel syntheses as has been reported for microfibers (9) and microspheres (10) . Nonhydrolytic solgel processes for preparing zirconium titanate have also been published (11, 12) .
ZrTiO crystallizes in the orthorhombic -PbO type structure (13, 14) . A modulated structure has also been reTo whom correspondence should be addressed. ported in this system (15) . The influence of pressure (16) and cooling rates (17) in the phase transitions in zirconium titanate has been studied. The stoichiometry of zirconium titanate depends on the synthetic conditions and the initial Zr/Ti ratio. (20) is much more suitable as it uses all existing diffraction peaks and is, therefore affected by fewer errors.
In this work, amorphous oxide precursors Zr V Ti \V O are prepared by a hydrolytic sol-gel process. These initial solid are characterized by electron microscopy and XPS. The crystallization of these amorphous oxides is studied by TGA-DTA and thermodiffractometric techniques. Quantitative analysis of the high-temperature crystalline phases is carried out by the Rietveld method.
EXPERIMENTAL

Synthesis
To prepare the precursor gels, zirconium n-propoxide (ZNP) (70% in n-propanol) and titanium isopropoxide (TIP) (97%) were used. Gels with composition Zr V Ti \V O (x"0.22, 0.39, and 0.60) were prepared by mixing 1 M ZNP and TIP n-propanol solutions in the appropriate ratios and stirring for 2 hr at room temperature. Hydrolysis was then carried out by adding water dropwise up to a molar ratio H O/(Zr#Ti)"4. The obtained gels were refluxed for 24 hr, washed, and dried at 60°C. These samples were ground to white fine powders and are named ZT22, ZT39, and ZT60, respectively (ZTsX). Firing the gels at relatively low temperatures produces the ceramic materials (ZTX). The samples for the Rietveld study were obtained by firing the ZTsX samples at 1000°C.
Characterization
TiO
and ZrO contents were determined by X-ray fluorescence (XRF) and electron microanalysis (AEM) on samples previously calcined at 1100 and 600°C, respectively. XRF analyses were carried out on a Rigaku 2000 spectrometer. AEM measurements were made with a Philips CM 200 Supertwin-DX4 with an electron probe microanalyzer Edax (Si-Li detector). To obtain information on surface chemical composition, the samples calcined at 600°C were also studied by XPS spectrometry. XPS analyses were performed on a Physical Electronics 5700 instrument using a MgK X-ray source (1253.6 eV). Accurate ($0.1 eV) binding energies (BE) were determined with respect to the position of the C 1s peak at 284.6 eV.
Thermal analyses (DTA and TGA) of the ZTsX samples were carried out in air on a Rigaku Thermoflex 8110 with a Thermal Station TAS 100 from room temperature to 1100°C at a heating rate of 10 K min\ with calcined Al O as standard reference. Powder thermodiffractometric studies of the ZTsX samples were carried out on a Siemens D-5000 diffractometer permanently equipped with an HTK10 heating chamber. The patterns were scanned over the angular range 8-38° (2 ), with a step size of 0.04°a nd counting time of 1 s per step. The appropriate heating and cooling temperatures were selected by using the Diffract AT software. Before any pattern was obtained, a delay time of 10 min was selected to ensure that the transformations took place. Room temperature powder diffraction patterns of the high-temperature calcined phases (ZTX) were collected in a second goniometer of the Siemens D-5000 automated diffractometer using graphite-monochromated CuK radiation. To carry out the quantitative phase analysis by the Rietveld method, data were collected between 20°and 70°(2 ) with a 0.03°step size and 3-s counting time. The powder patterns were analyzed by the Rietveld method using the GSAS (21) . These values were optimized in the refinement process. The atomic parameters for each phase are given in Table 1 and they were not refined.
The common overall parameters, histogram scale factor, background coefficients, zero-shift error, and pseudo-Voigt coefficients (G¼,¸½, and¸X) (22) corrected for asymmetry (H/¸"0.015, S/¸"0.015) (23, 24) were refined first. Then the unit cell parameters were refined. Finally the phase ratio was optimized.
RESULTS
ZTsX samples are noncrystalline phases and they have different thermal behaviors. The chemical compositions of the samples heated at 600°C were determined by AEM and the results are reported in Table 2 . AEM is a statistical (25) . The surface chemical compositions found for all samples changes as expected from the initial molar ratios.
The differential thermal analyses in air show the presence of a very strong exothermic peak due to crystallization and/or phase transformation processes. This exotherm takes place without mass changes. The temperatures of this exotherm are 662, 700, and 690°C for ZT22, ZT39, and ZT60, respectively. These are considerably higher than that of pure ZrO . It has to be taken into account that these are (Fig. 1) . The main diffraction peak of anatase is situated at 3.52 A s (25.2°2 ), PDF no. 21-1272. After this sample was heated at 1000°C, a mixture of TiO (rutile structure), Zr Ti O , and ZrO (tetragonal structure) was observed in the XRD profile. These components were identified by their published powder patterns, PDF no. 21-1276, 34-209, and 24-1164, respectively. Due to the strong overlapping of the diffraction peaks, the phase ratio was derived from the Rietveld analysis (see later). ZT39 crystallizes near 700°C, giving mainly Zr Ti O (Fig. 2) .
FIG. 2. X-ray thermodiffractometric powder patterns for Zr
However, a detailed study of the powder pattern of the sample calcined at 1000°C reveals the presence of a tiny amount of rutile. ZT60 crystallization starts at 650°C and it is finished at 700°C (Fig. 3) . From the medium-resolution thermodiffractometric study, only the Zr Ti O phase is evident, as ZrO peaks are overlapped down to the Zr Ti O major peaks. The power of the Rietveld method in carrying out a quantitative phase analysis of multiphase samples with strong overlapping is evidenced in this study. The results of the phase analysis are shown in Tables 4 and 5. Table 4 shows the determined weight phase fractions together with the calculated weight fractions derived from the initial composition of the samples (corroborated with the chemical analysis). However, we point out that ZT22 heated at 1000°C is a triphasic sample with TiO , Zr Ti O , and ZrO . Thus, it is not possible to calculate the theoretical final composition that will yield Zr Ti O . To compare the refined values with ''some'' calculated, we assumed that the final calculated rutile composition was 63.9% and then derived the phase fractions for Zr Ti O and ZrO . Table 5 shows the refined unit cell and peak shape parameters. The final Rietveld plots are shown in Figs. 4, 5, and 6 for ZT22, ZT39, and ZT60, respectively. R ranges between 18 and 22% and R ranges between 14 and 16% for the three refined patterns.
DISCUSSION
The exothermic peak observed in the DTA can be related to the different phase compositions of the ZTsX samples. For ZT22, the exothermic peak at 662°C is very sharp and strong and is due to the crystallization of the amorphous precursor. It must be mainly related to the formation of Zr Ti O because TiO anatase crystallization takes place with minor changes in the DTA. The strong exotherm at 700°C for ZT39 also corresponds to the crystallization of zirconium titanate, in agreement with the DTA results reported for gels prepared by hydrolysis of metal alkoxides (26) . For ZT60, the exothermic change takes place at 690°C. The thermodiffractometric study indicates that the samples calcined at 600°C are amorphous, and the AEM and XPS studies confirm that they are mixed oxides. The samples cannot also be a mixture of amorphous oxides or ZrTiO because the Ti 2p and Zr 3d measured BE do not correspond to those of either the isolated oxides or ZrTiO . Upon crystallization, phase segregation takes place as shown by thermodiffractometry.
The refined phase ratios (Table 4 ) are in good agreement with those expected from the initial compositions. Average errors of the order of 2% have been found in this study, which are low taking into account the large overlapping between diffraction peaks worsened by the broad peaks shown by some phases. We emphasize that the stoichiometry found for the zirconium titanate phase is invariably Zr Ti O . If the Rietveld refinements are carried out with the stoichiometry ZrTiO , for zirconium titanate, R only worsens (increases) by 0.5% but the determined phase ratios make no sense.
Quantitative phase analysis by the Rietveld method requires stoichiometric phases for the simulation of the theoretical profiles. As shown by the unit cell values of TiO (Table 5) in the literature. However, some slight deviations from stoichiometry may occur for Zr Ti O and ZrO (tetragonal). As shown in Table 5 , the refined volumes of these phases show some small variations. This implies some errors in the refined compositions that would explain the slight disagreement between starting and refined compositions. Furthermore, the presence of amorphous oxides is not taken into account by this type of Rietveld analysis. However, the close relationship between the overall starting compositions and the overall refined metal ratios suggests that amorphous phases are negligible in these systems.
Finally, we emphasize that the peak shapes vary considerably for different phases and samples. For a given firing temperature, zirconium-rich phases show broader peaks. ZT60 heated at 1000°C presents very broad peaks (Fig. 6 , Table 5 ) due to lattice microstrain rather than microparticle-related broadening. This is due to some local deviation from ideal stoichiometry in the microcrystallites.
